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% 3D structure of the nucleon
* Mellin moments
= Charges
= Form factors
= Spin content of the nucleon
* Direct computation of parton distributions

3 Conclusions



Quantum ChromoDynamics (QCD)

¥ QCD: gauge theory of the strong interaction

¥ Lagrangian: formulated in terms of quarks and gluons
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Quantum ChromoDynamics (QCD)

¥ QCD: gauge theory of the strong

¥ Lagrangian: formulated in terms of quarks and gluons
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Quantum ChromoDynamics (QCD)

¥ QCD-Gauge theory of the strong interaction

¥ Lagrangian: formulated in terms of quarks and gluons
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¥ This “simple” Lagrangian produces the amazingly
rich structure of strongly interacting matter both at
the subatomic level and at large scale in the universe
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Quantum ChromoDynamics (QCD)

Locp =

¥ Unique properties:

% Confinement

% Asymptotic freedom
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Quantum ChromoDynamics (QCD)

1 a 1apv Iy (s
Locp = _ZFI“’F M+ Z by (V" Dy —my) by
f=u,d,s,c,b,t
¥ Unique properties:
% Confinement
% Asymptotic freedom

% Mass generation via interaction

QED

Quantum theory of the electromagnetic force mediated by exchange of photons

Hydrogen atom
MHydrogen — 0.01 MeV +938.29 MeV — 13.6 eV
me_ mp+ Ebinding

A. Stodolna et al., PRL 110 (2013) 213001

QCD

Quantum theory of the strong force mediated by exchange of gluons

Proton
my = 2.3 MeV +4.7 MeV + 929 MeV

2X My, mq Evinding

Artist impression 99% of proton mass from interaction!

Lattice QCD provides an ab initio method to study a wide class of strong interaction phenomena

% Lattice QCD uses directly Loop or the action SQC D = / dx EQC D



Lattice QCD
1 a a uwv n .
Locp = = Fu, F*M + Y s (i*Dy — my) iy
f=u,d,s,c,b,t

* Formulate in path integrals:

/D Qp] (’(p D, ) i(Sg[Al+Sr[A,9]) KenWﬂson 1974

* Integrate out fermions:
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¥Discretisation of QCD on a 4-D space-time lattice —> provides a non-perturbative regularisation

o

A A

5 4 4
. s
. . .
- . - * . -
- » - v
. |
' ™4 ‘ T 5
. | . 1 ° P Iy /
S S . | 4 . 17/
W N | . | ' . 1yl
% . . B S /
: . ot | 4 S N s Yl I/
o . - i s : : Uy
S - BNy Ny ! | : ’ 17
% g 'l s . d s . 1111
5 . . s d : . /'] [
| 4 + - . 4 . 4 ']/
S . * ' 143
™ » . * . S 7S]
- . - - e 4 '/
. s ‘ . /]
: s . ‘ 17y
A . . : . 1y
: . 7
s
/

© quark A gluon

* Quark fields on sites: P(x) - b and t quarks too
heavy to include

,,,,,,,,,,,,,,,,

* Gauge fields on links ~ parallel transporters:

Uy () = e'94



Lattice QCD

1 a auv Iy (4
Locp = _ZFWF Sl Z b (V' Dy —my) by

f=u,d,s7c7b7t

Ken Wilson 1974

0\/’, *Discretisation of QCD on a 4-D space-time lattice

—o—t> ! Y \ - - provides a non-perturbative regularisation
SRR ;’:;If’;’;‘;f" - preserves gauge invariance
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1. Simulation of gauge ensembles {U}:

Mike Creutz 1980

1 — _
(0) = E/D[U]O(Dfl[U],U) [] Det(Ds[U]) e,,S\g[U]
f=u,d,s,c
Rotate to imaginary time

[] Det(Ds[U]) | e 5!V
f=u,d,s,c
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Simulations of lattice QCD

1 - —
=z / pjo@ LUy | [ Det(D(u]) | 7>
f=u,d,s,c
w ._ 1. Simulation of gauge ensembles {U}: Using HMC
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© quark A gluon

Estimated cost to generate 1000 independent fermion configurations
A. Ukawa @ Lattice 2001 (Berlin)
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Simulations of lattice QCD

0) =5 [pwiow woy | [ ey | eI

f=u.,d,s,c

w G |. Simulation of gauge ensembles {U}: Using HMC

© quark A gluon

Estimated cost to generate 1000 independent
fermion configurations

Many algorithmic improvements:
1. ...

2. Domain decomposition 2004, M. Luscher
3. .
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Simulations of lattice QCD

1 1 —Sq4|1U
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Simulations of lattice QCD

1
)= [ pwiow; o) | [ ety ) | e
w f=u.,d,s,c
© quark A gluon
1
1. Simulation of gauge ensembles {U}: P|U| = - H Det(D¢|U]) e~ JslU]
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Simulations of lattice QCD

1 - -
©) = [Pwom; wo) | [ Det(Dsv) | e
f=u,d,s,c
w ]. Simulation of gauge ensembles {U}:
1 ~5,[U]
p rv= g I vy )«

© quark A gluon

2. Quark propagators or inverse of Dirac matrix Dg[U]: Multi-grid solvers
Myd mg me

300 — T . Linear system to be solved:
r— | @ I ® CG i
5100} : DD- cAMG -
3100F : @ | - i DU, pJv = b
T | ° ]
5 30t a :
(&) 3 (.
— . : . . .
g 10} . | Use an adaptive aggregation-based domain
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@ 3 B - . Il | @ 1]
= o " E m g "] :
e 1 i = | A. Frommer, et al., SIAM J.Sci.Comput. 36 (2014) 4, A1581
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ETMC: C. A. ¢t al. Phys.Rev.D 94 (2016) 11, 114509, arXiv:1610.02370 14


https://arxiv.org/abs/1610.02370

Lattice QCD

© quark A gluon
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Low-lying hadron spectrum

F¥BMW collaboration determined the low-lying hadron masses S. Durr et al., Science 322 (2008) 1224
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¥ BMW collaboration determined the low-lying hadron masses,

M[MeV]

Low-lying hadron spectrum

as well as the mass splittings

S. Durr et al., Science 322 (2008) 1224

Sz. Borsanyi et al., Science 347 (2015) 1452

2000 i _
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1 —— experiment sl AN o i
oS00 . & —= width i — ¢ : ACG
i o input
]——m s QCD O Science 347, 1452 (2015) i
O :
mass splitting [MeV] | QCD [MeV] | QED [MeV]
AN =n—p 1.51(16)(23) 2.52(17)(24) | -1.00(07)(14)
AY =Y - X%t 8.09(16)(11) 8.09(16)(11) 0
E=="—=0 6.66(11)(09) 5.53(17)(17) | 1.14(16)(09)
AD = D* — DY 4.68(10)(13) 2.54(08)(10) | 2.14(11)(07)
AE,, ==+t _ =+ 2.16(11)(17) -2.53(11)(06) | 4.69(10)(17)
Acg = AN — AY + A= 0.00(11)(06) -0.00(13)(05) | 0.00(06)(02)

1. Lattice QCD reproduces the low-lying hadron

masses and mass splittings
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3D structure of the nucleon
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3D structure of the nucleon

¥ The 3D-structure of the nucleon is a major goal of on-going

experiments and the future EIC

¥ Lattice QCD can contribute towards this goal - many recent
developments to compute Mellin moments but also directly

parton distributions

W(x,b, k,)
Wigner distributions

[d*b, ‘

N
......................................... ‘ flx,k,) \

transverse momentum

Fourier trf.

[d’k,
b, <> Q

%4
‘f(x,br)\ u —4

impact parameter

distributions (TMDs) distributions
semi-inclusive processes
r 4 ~
[d’k, [d*b,
%4 N
P -

f(x)
parton densities
inclusive and semi-inclusive processes

Wigner distributions

p(z, kr, br)
5-D correlations

Transverse momentum

K
TMD /)
Trahsverse
position »

by o
A ‘G?DP‘“ tons
. .

Longitudinal momentum

kT = zBb
PDF

// \N (xB, Qz)

from Ba\cchetta‘ 2014

both the form factors and
the PDFs are fully
encoded within G’PDs

[ fw
I
-

H(x,0,1) C —
t=-Q2

generalized parton
distributions (GPDs)
exclusive processes

fdx fdxx"'l |

->» -—»

F (1)

form factors
elastic scattering

A, (O)+4EA, (D) + ...

generalized form
factors
lattice calculations

Studies 1n lattice QCD since the 1980s

EIC white paper, arXiv:1212.1701 19



Proton spin puzzle ooy

¥ Proton is made of 3 quarks (valence) of spin 1/2 adding to give total spin of 1/2 —

¥ Deep inelastic scattering experiments with a polarised proton target first by the European Muon
Collaboration (EMC) at CERN 1n 1988 and followup experiments at SLAG and DESY found
that only a small fraction of the proton spin is due to the valence quarks —> proton spin
puzzle

% The axial charge of the proton measures the intrinsic spin of quarks in the proton AY + = g%

¥ The isovector (u-d) axial charge is accurately known from neutron beta decay

Nuclear transmutation

20



Proton spin puzzle Spolal

¥ Proton is made of 3 quarks (valence) of spin adding to give the proton a total spin of 1/2 .

¥ Deep inelastic scattering experiments with a polarised proton target first by the European Muon
Collaboration (EMC) at CERN in 1988 and followup experiments at SLAC and DESY found that only a
small fraction of the proton spin (25%) 1s due to the valence quarks —> proton spin puzzle

¥ The axial charge of the proton measures the spin of quarks in the proton AX + = g%

¥ Can be compute from the proton matrix element of the axial-vector current

¥ The isovector axial charge is accurately known from neutron double beta decay

¥ Easier to compute in lattice QCD since only the connected contribution is needed

21



Proton isovector axial charge

ga ¢
FLAG 2021 r T r
l-Q-: ETMC 24
FLAG average for Ng=2+1+1
T CalLat 19
- ETM 19
& H-H (ID:Nl?ME1;8
I alLat
Z Hﬁ;-H CalLat 17
H—CHH PNDME 16
- FLAG average for N¢=2+1
H+———+H  NME 21
H—— LHPC 19
] Mainz 19
PACS 18A
+ —0—H PACS 18
N - XQCD 18
= —+— JLQCD 18
p—— LHPC 12A
[ 0 | LHPC 10
H————H RBC/UKQCD 098B
H—— RBC/UKQCD 08B
—_r LHPC 05
——t—i Mainz 17
H—C—H : ETM1/B
— ETM 15D
N H——H RQCD 14
= H—T—H QCDSF 13
p————H Mainz 12
O—— RBC 08
O QCDSF 06
Q
X A PDG

Lattice QCD results on ga consistent with experimental value

) _ . 1 5 g\/: 1
(Mgt 7N ), TR =%, 9%35, 510971 L 0= 11,9793+ 0.0023 <51 reproduce

2
1= 0.5310.25 M. Radici and A. Bacchetta. PRL 120 (2018) 192001



Axial charge

* Axial charges extracted directly from the forward matrix element

Isovector
1.30F—
————— Exp= 1.27641(56)
T 1.250(24)
1.28}
_____________________________________________________________________________________ i
T
o 1.26} I
1.24}
0.000 0.002 0.004 0.006
2 p 2
a”[fm?]
Strange
—0.02f |
_0.03} I
» < )/1/,. 1
m C
—0.04}
—0.05} ]
7 -0.037(18)
0.000 0.002 0.004 0.006
2 2
a”[fm?]

* Non-zero strangeness, upper limit on charmness of 0.013
. Z g% = 0.382(70) —> intrinsic spin carried by valence quarks:

q:

u,d,s,c

0.01

0.00

—0.01p -

—0.02

Isoscalar including disconnected

7 0.451(30)
0.000 0.002 0.004 0.006
2 2
a”[fm?]
Charm
7 0.003(13)
| i
0.000 0.002 0.004 0.006
a?[fm?]

1
5 Y A%, =0.191(35)
q
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Proton momentum and spin decomposition

* Spin sum: Zq Jg = 3

Spinotall  Angular Momentum Spin of Angular Momentum
J 9 Quarks all Quarks GIUoNs of Gluons

1o =

¥ Quark unpolarised moment: O#¥4 = (j'y{“z' D'}q

olna, pr}
. B v 10 «
(N(p', s")|O*4|N(p,s)) = an(p,s) [Ago(q2)'y{”’P }+Bgo(q2) 231

q{uqv}

+C4(a*) | un (p, )

Momentum fraction carried <£E>q —
by a quark

% Gluon unpolarised moment lead to an equivalent expression OF*9 = iwe F;’} %%OW

(T)g = Ago(o) Jg = % [Ago (0) + BSO(O)] \ @

Field strength tensor

wep Momentum sum: }° (), + (z)y = 1
24



Intrinsic spin of quarks and momentum sum

¥ Axial charge determines intrinsic spin carried by each quark
1
A, () = [ de [Aae. i) + At )] = g

0.6
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O-6 | | | | | |
O L
°
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0.4 B L : ]
MS at 2 GeV el
: . 3
e 0-3| £ ] |
o
02} = - 2 ] |
LN ° Te) m
S| | I S o S}
O ) )
0.1} ) = o - .
< o ~ o m
= I ~ ©
0.0 ' ll ol S .
u®  dt st ¢ty g Total

¥ Spin sum: 2 Jq +Jg = 0.48(7)

0.6

0.4

0.2

0.0

—0.2

-0.4

2
NN
= o o
N X X ©
= Q) S} =
g =) e -
: % o > S
@ N — L_.l
. @ X = |
Te) ~ T N —
ORI RN DR E.........
X
—
—
L3 _
R B MS at 2 GeV
~
q
q
[ 1 1 1
u’ d* s” c’ Total

2. Nucleon spin sum verified - lattice QCD solves a 30 year puzzle

C. A. et al. (ETMC) Phys. Rev. Lett. 119, 142002, 1909.00485
C. A. et al. (ETMC) Phys.Rev.D 101 (2020) 9, 094513, 2003.08486


https://arxiv.org/abs/1909.00485
https://arxiv.org/abs/2003.08486

Proton charge radius puzzle

Pohl 2010 (uH spect.) = — Bernauer 2010 (ep scatt.)
Antognini 2013 (uH spect.) I Zhan 2011 (ep scatt.)
Beyer 2017 (H spect.) | —— CODATA-2010 (H spect.)
CODATA-2018 - —— CODATA-2010
Bezginov 2019 (H spect.) ——eo—+ ' —a + Fleurbaey 2018 (H spect.)
Xiong 2019 (ep scatt.) -
Mihovilovic 2021

' B + (ep scatt.)
Grinin 2020 (H spect.) —o—i
Brandt 2021 (H spect.) 00—

1 1 1 I 1 1 1 I 1 1 L I 1 1 I I 1 1 1 l L 1 1 l 1 1 1 I 1
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92

Proton charge radius r: [fm]

¥ Using muonic hydrogen the proton radius was found to be smaller than what expected
R. Pohl et al., Nature 466 (2010) 213

Electron

Muon

2S12(F = 1) — 2P32(F = 2) energy difference




Proton charge radius puzzle

]
Pohl 2010 (uH spect.) = o — Bernauer 2010 (ep scatt.)
Antognini 2013 (uH spect.) —_— Zhan 2011 (ep scatt.)
Beyer 2017 (H spect.) ——— —— CODATA-2010 (H spect.)
CODATA-2018 - —— CODATA-2010
|
f Bezginov 2019 (H spect.) ——eo—+ [ @ 1+ Fleurbaey 2018 (H spect.)
; Xiong 2019 (ep scatt.) + -
Mihovilovic 2021
' B + (ep scatt.)
Grinin 2020 (H spect.) —eo—i
Brandt 2021 (H spect.) 00—
1 1 1 l 1 1 1 I 1 1 1 I 1 1 L I 1 1 1 I 1 1 1 l 1 1 1 I 1
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92

Proton charge radius r: [fm]

% Using muonic hydrogen the radius was found to be smaller than what expected —> led to many
theoretical and experimental investigations
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Electromagnetic form factors

¥ Proton matrix element of the vector current

\

o
R RO’S N
&N & 4
O
AR v
2

(NP, ") (O)|N(p,)) = an(p',8') [1#F1(Q) + 1250 F5(Q2) | un (p, ) L~

! 1

Dirac Pauli

&

2
4Q2 FZ(Q2)> GM(QZ) =k (Q2)+F2(Q2), QZ _ _qZ
my

6 aGE)M(Q2)|
Ge,m(0) 0Q?2 Q2—0




Electromagnetic form factors

¥ Proton matrix element of the vector current

(NP, Vi IN(p, 8)) = in (p'y ) [quf () + “;;ISV TFz(qz)]v5uN s
Dirac Pauli
2
Ge(Q) = F1(Q2)+ -2 F,(Q2), Gm(Q2) =F1(Q2)+F»(Q2), Q2 = —q?2

4mZ,
e = -6 2Gem(QY)
oM Ge,m(0)  2Q2  9T7°

¥ Analysis of 6 CLS ensembles with 4 lattice spacings ranging fro, 0.050 fm to 0.086 fm and pion masses
ranging from 300 MeV to physical

¥ Only one ensemble at physical pion mass —> chiral extrapolation needed

1.0 1

= 0.8

06 7 .

GE(Q?)/GE(

——— this work =5
0.44 t Al ep scatt.
| PRad ep scatt.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Q? [GeV?] Q? [GeV?
D. Djukanovic et al. (Mainz), Phys. Rev. Lett. 132 (2024) 21,arXiv:2309.07491; Phys. Rev. D 109 (2024) 9, arXiv:2309.06590



Electromagnetic form factors

GE(Q?)

0067 Mainz
} exp. world data |
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L] ' Ll 1 L] L} Ll -2.0 L] ' L] L} I Ll L]
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Proton Neutron
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This work(u — d) | - .
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Mainz - - X i v | NS ] H
fooQ%QQg,‘a QO Q® 90 a9 /Q.\,Q /Q.Q‘o Q0 Qd /\f\‘o /'\?OQ
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D. Djukanovic et al. (Mainz), Phys. Rev. Lett. 132 (2024) 21,arXiv:2309.07491; Phys. Rev. D 109 (2024) 9, arXiv:2309.O65§)10



Strangeness of the nucleon
% Sea quark effects can be accurately determined for EM form factors —>

provide precise input to experiments

B-cnsemble: 64° x 128, a~0.08 fm
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Recent results on GA(Q?2) and Gp(Q?2)
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deuterium bubble-chamber data,

¥ PCAC satisfied in the continuum limit Phys. Rev. D 93, 113015 (2016)

¥ Pion pole dominance satisfied for induced pseudoscalar

¥ Lattice QCD results closer to the new Minerva antineutrino-hydrogen data

: T. Cai1 et al., Nature 614, 48 (2023
¥ Agreement between our results and those of Mainz 2023

D. Djukanovic et al. PRD 106, 074503 (2022), arXiv: 2207.03440

3. Lattice QCD reaches unprecedented accuracy in the evaluation of nucleon form factors




Generalised parton distributions (GPDs)

W(x,b, k,)
Wigner distributions both the form factors and
. D < ) the PDFs are fully
f db, f d’k, encoded within GPDs
Fourier trf. r -
3D N %4 b, <Q E=0
......................................... ‘ f(x,k,) \ ‘ f(x,b, )\ . ) H(x,0,f) ¢ )
—} 2
transverse momentum impact parameter 1=Q generalized parton
distributions (TMDs) distributions distributions (GPDs)
semi-inclusive processes exclusive processes
r 4 ~ —— _—
fdsz fdzbr fdx fdxx"" |
4 K - -
1D | TX) | [ F (1) A, (O+A A () +oome
......................................... panon densities fOI'm factors generalized fOfm
inclusive and semi-inclusive processes elastic scattering factors
lattice calculations

EIC white paper, arXiv:1212.1701



Direct computation of parton distributions

* PDFs light-cone correlation matrix elements - cannot be computed on a Euclidean lattice -

1 [dz™ . .p+.- - \‘\
Fr(e) = o [ S P AN ) 9(~2/2)TW (~2/2, 2/206(=/2) N () 1+ —0, 20
* Define spatial correlators e.g. along z3 and boost nucleon state to large
momentum ’

X. Ji, Phys. Rev. Lett. 110 (2013) 262002, arXiv:1305.1539

* Match to the infinite momentum frame using the matching kernel computed in
perturbation theory (large momentum effective theory - LaMET)

matching % A
boost—>00 s,




Computation of quasi-PDFs
o (Compute space-like matrix elements for boosted nucleon states and take the large boost limit

Fr(z, Py 1) = 2P, / 92 ~iwPyz Py (0) TW(0, 2) (2)| Py

A <4—— Renormalise non-perturbatively, Z(z,p)
—00

Need to eliminate both UV and exponential divergences

e Match using LaMET / Perturbative kernel
n dy 24 M mpy AQCD
by 33‘,P3,,LL :/ T (_7—) Fr Y, L +0 9
( ) 1yl \y yPs 2 P’ P2

X. Ji, Phys. Rev. Lett. 110 (2013) 262002, arXiv:1305.1539

State-of-the-art results on helicity

Isovector (u-d) 0.75¢
)
0.50
Xins * 2 ting) <
S |
. . 3
(¥ins fins) J0,0) g 025
< 8
Tt 0.00¢
Yo unpolarised '2@1\
. . 0.0
I'= @ helicity |
03;,9 = 1,2 transversity > BN exp
5—0.2; EEE exp+lat
1 lat (DFT)
C.A. et al. (ETMC) Phys. Rev. Lett. 121, 112001 (2018) 10-2 TR 100

T

4. Parton distribution functions can be computed directly in lattice QCD



Helicity distributions

323 x 64 a=0.0938(3)(2) fm my = 1.050(8) GeV
L=3.0fm | m, ~ 260 MeV m.L ~ 4.0

0.6

x Au(x)

x Ad(x)

0.02 +

0.00 4

x As(x)

—0.024

0.0 0.2 0.4 0.6 0.8 1.0

C. A., M. Constantinou, K. Jansen, I Manigrasso, Phys. Rev. Lett. 126 (2021) 10, 102003, arXiv:2009.1306
C.A., G. Iannelli, K. Jansen, F. Manigrasso, Phys. Rev. D 102 (2020) 9, 094508, arXiv:2007.13800



Unpolarized gluon PDF

¥ Calculate the matrix elements of a spin-averaged nucleon for two gluon fields connected by a Wilson line

¥ Use Wilson flow to reduce ultraviolet fluctuations

¥Pseudo-PDF approach with pion mass 358 MeV

(J_C}ins +2,tjns)

@ins' tins)

+

J(0,0)
4 - ETMC <
JAMZO j@srts) +
3 HadStruct21
0
= 2
&
b n=2 GeV
O_ ___________________________________

0.0 0.2 0.4 0.6 0.8 1.0

T. Khan, et al. (HadStruc Collaboration) Phys. Rev. D 101 (2021) 094516, 2107.08960
J- Delmar et al. (ETMC) PoS LATTICE2022 (2023) 099, 2212.11399



Generalised parton distributions

¥ Compute space-like matrix element with different initial and final nucleon boosts in the Breit frame

hr(zaf, Q% Ps) = (N(Psé. + Q/2)| ¥(2) TW(2,0) (0)| N(Pse. — Q/2))

— —@ . quasi — skewness f &+ O

2P; P2)
* Rest of the steps are the same as for quasi-PDFs: 1.e. renormalise, take the Fourier transform and match
and final nucleon boosts

~ ~ 1 T 2 A
FF(2757Q27P37,U07M§) — f—l %CF (57 y,LFL)?)’ yup33 EZO§2) FF y7Q2 g :u _I_O (PQ ) g27 xggg)

\ RlI-scale MS — scale

Reduces to the matching kernel for =0
Does not depend on Q?

X Ji et al., Phys.Rev. D92 (2015) 014039
X.Xiong, J-H. Zhang, Phys.Rev. D92 (2015) 054037
Y-S. Liu et al., Phys.Rev. D100 (2019), 034006
* Iirst studies for pion and nucleon GPDs
JW. Chen, H.W. Lin, J.H. Zhang, Nucl. Phys. B 952, 114940 (2020), 1904.12376
C. A. et al., Phys.Rev.Lett. 125 (2020) 26, 262001, 2008.10573

H.-W. Lin, Phys. Rev. Lett. 127, 182001 (2021), 2008.12474
H.-W. Lin, Phys. Lett. B 824, 136821 (2022), 2112.07519



Helicity & transversity GPDs

325 x 64 | a=0.0938(3)(2) fm muy = 1.050(8) GeV
L =30 1fm m. ~ 260 MeV m.L ~ 4.0
02=0.69 GeV?2
3 _ T IH T 5 T T T
— — H(x)-GPD, £ =0 (1 — — h’l“d(gm)
— — H(x)-GPD, ¢ = [1/3|| I\ T Hy*(z,0, —0.69 GeV?) 2 _
2 L|— = a() \\ Py =125 GeV - — o AT R =15, 2102 GeV)
E N . |
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C. A. et al. (ETMC) Phys. Rev. Lett. 125 (2020) 262001,2008.10573
C.A. et al( ETMC) , Phys.Rev.D 105 (2022) 3, 034501, 2108.10789

New developments of expressing GPDs 1n terms of Lorentz invariant amplitudes allows easier access to a range
of momentum transfers in lattice QCD calculations

S. Bhattacharya et al. Phys. Rev. D 106 (2022) 114512, 2209.05373 for unpolarized
S. Bhattacharya et al. Phys. Rev. D 109 (2024) 034508, 2310.13114 for helicity

5. GDPs can be computed directly in lattice QCD 40



Transverse momentum distributions (TMDs)

W(x,b, k,)
Wigner distributions
\ ¢
[d*b, [d'k,
Fourier trf. r -
- =g
3D - - br=Q -0
......................................... ‘ f(x ke, )\ ‘ f(x,br)\ e | Hx0,) ¢ —
= 2
transverse momentum impact parameter : Q generalized parton
distributions (TMDs) distributions distributions (GPDs)
semi-inclusive processes exclusive processes
4 ~ —— —
[k, [dp, [ax [ dxx""
IF . | r —
1D T(x) F(t) A, () +4EA, (D) + e
......................................... parton densities form factors genera“zed form
inclusive and semi-inclusive processes elastic scattering factors
lattice calculations

EIC white paper, arXiv:1212.1701
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Towards TMD PDFs in lattice QCD

X. Ji, et al. Phys. Rev. D 99 (2019) 114006, 1801.05930

M. A. Ebert, I. W. Stewart, Y. Zhao, Phys.Rev.D 99 (2019) 3,

. . 034505, 1811.00026; JHEP 09 (2019) 037, 1901.03685;
¥* Quasi-TMDs formulated in the LaMET approach JHEP 03 (2020) 099 .1910.08569

¥ First results obtained for the unpolarised nucleon TMD PDF by the Lattice
Parton Collaboration (LLPC) X.Ji etal (LPC) 2211.02340

2
F™P (B 1, €) = H(S5) e (KO0 fa By, ¢)\/S,(br ) +O (AQCD v 1)

7 (. 7 (P?)?7 bid,
e /

perturbative matching kernel Collins-Soper kernel, which is non- Rapidity independent reduced soft function

perturbative for qr~1/br~Aqcp

¥ (,=(2xP%)? is the Collins-Soper scale of the quasi-TMD

¥ Quasi-TMD PDF is given as fTMD (z, ET, w, () = ;Z_Z o 172Gz g Br(z, ET, 1, P?)
T —
P

/

Renormalised beam function obtained from the bare

Bor(z,br, L, P*;1/a) = (N(P?)|ih(2/2,00)TW(z, by, L2)q(—2/2, bp)| N (P?))

7/ 2

W(Z,B’T,Lé) = P br
p ‘
>

272 T 2




Nucleon unpolarised isovector TMD PDF

¥ LPC published the first results modelling the momentum dependence and taking the chiral and
continuum hmuts Jin-Chen He et al. (LPC) arXiv:2211.02340

¥ ETMC has preliminary results at one lattice spacing (0.093 fm) and heavier than physical pion mass (350
MeV), renormalised with the ratio scheme

b =0.36 fm
g_
7)), cmns
 cA211.3032
< |
° LPC 24
W ART23
3: -------
o]
21 /AN Y e NN . BHLSVZ22
X | £ N & awmwma EEERANL\N N O A OO\ -
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S Q “ SV19
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Conclusions

¥ Lattice QCD provides precision results on low-lying hadron masses and their splitting including isospin

and EM effects

¥ Nucleon charges and form factors are computed to unprecedented accuracy reproducing known
quantities such as the axial charge and EM form factors and providing precise results on e.g. tensor charges
and axial form factors

¥ The so called proton spin and radius puzzles can be understood from lattice QCD computations

¥ Direct computation of generalised parton distributions is shown to be feasible as is the transverse
momentum distributions which 1s also underway

¥Many other results are emerging, such as muon g,-2, properties of resonances and exotics, charm physics,
etc.
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